The Long-Evans shaker (les) rat has a mutation in myelin basic protein that results in severe CNS dysmyelination and subsequent demyelination during development. During this time, les oligodendrocytes accumulate cytoplasmic vesicles, including lysosomes and membrane-bound organelles. However, the mechanism and functional relevance behind these oligodendrocyte abnormalities in les have not been investigated. Using high-magnification electron microscopy, we identified the accumulations in les oligodendrocytes as early and late autophagosomes. Additionally, immunohistochemistry and Western blots showed an increase in autophagy markers in les. However, autophagy did not precede the death of les oligodendrocytes. Instead, upregulating autophagy promoted membrane extensions in les oligodendrocytes in vitro. Furthermore, upregulating autophagy in les rats via intermittent fasting increased the proportion of myelinated axons as well as myelin sheath thickness in les and control rats. Overall, this study provides insight into the abnormalities described in les as well as identifying a novel mechanism that promotes the survival and function of oligodendrocytes.
Introduction
The myelin sheath is essential for the rapid conduction velocity of the nerve fiber via saltatory conduction (Yin et al., 2006) and can aid in maintaining axonal integrity (Griffiths et al., 1998; Bjartmar et al., 1999; Scherer, 1999; Nave and Trapp, 2008; Soldan and Pirko, 2012) . Animal models with mutations in myelin genes have been essential for elucidating the role of several proteins that are critical for myelin development and maintenance (Campagnoni and Skoff, 2001 ). One such mutant, the Long-Evans shaker (les) rat, has an abnormal insertion in the gene that encodes myelin basic protein (MBP). This mutation disrupts the splicing and subsequent translation of functional MBP (O'Connor et al., 1999) . MBP is an important structural component of the myelin sheath that is necessary for the formation of the major dense line in compact myelin. More recently, MBP has also been shown to play a role in the transport and assembly of myelin sheath lipids and proteins (Harauz et al., 2004; Fitzner et al., 2006; Simons and Trotter, 2007) .
At peak myelin development (2 weeks), les mutants develop thin, uncompact myelin. Most of this myelin is lost by 4 weeks, and by 8 weeks little myelin is present within the CNS of les rats (Delaney et al., 1995; Smith et al., 2013) . Moreover, during this time of myelin development and loss, affected oligodendrocytes develop an abnormal morphology. Beginning at 2 weeks, mutant oligodendrocytes progressively accumulate vesicles, lysosomes, and membrane-bound organelles. As the animal ages, les oligodendrocytes contain fewer abnormal inclusions yet lack normal Golgi apparatus and endoplasmic reticulum (ER) (Kwiecien et al., 1998) . The mechanism behind and the relevance of these accumulations have yet to be determined and may provide insight as to why les oligodendrocytes are unable to maintain myelin beyond the early stages of development.
The transient accumulation of vesicles and membrane-bound organelles suggests that les oligodendrocytes are undergoing a selfdigestive pathway known as macroautophagy (hereafter referred to as autophagy). Autophagy is a major cellular degradation pathway that is capable of digesting cytoplasmic components through an autophagosome-lysosome system (Klionsky and Emr, 2000) . The abnormal accumulations reported in les may indicate that les oligodendrocytes are undergoing increased levels of autophagy. To determine whether the abnormal oligodendrocyte morphology was the result of an upregulation of autophagy, we investigated whether les oligodendrocytes have an increase in several autophagy markers. Electron microscopy, immunohistochemistry, and Western blots demonstrated that les animals have increased levels of autophagy during dysmyelination and demyelination. However, autophagy did not correlate with an increase in oligodendrocyte death in les. Instead, upregulating autophagy in les oligodendrocytes in vitro increased the number of cells forming membrane extensions. Furthermore, by upregulating autophagy in vivo by intermittent fasting, both les and control animals had an increase in the number of myelinated axons as well as an increase in myelin sheath thickness. Therefore, we provide evidence that autophagy can play a novel role in oligodendrocyte survival and myelin development that may have broader implications for therapies to treat myelin disease.
Materials and Methods
Experimental animals. Animals were maintained at the School of Veterinary Medicine in compliance with the animal care committee at the University of Wisconsin-Madison. The les rats and normal littermates of either sex were collected at 1, 2, 3, 4, and 6 weeks of age as well as 3, 6, and 9 months of age. Affected rats were identified by whole-body tremors at 12-14 d. Neonatal mutant and control rats were identified by presence or absence of the mutated MBP DNA sequence by PCR as previously described (O'Connor et al., 1999) . Animals were housed in identical conditions, except with a few modifications found to enhance the survival of les mutants. Upon weaning at 28 d, les rats were given individual blocks of phenobarbital-containing diet (1468.7 g ground rodent diet, Harlan; 97.1 g powdered milk, 97.1 g sugar, and 4.2 g powdered phenobarbitol solidified with gelatin and 1.75 L H 2 O) on the floor of their cage three times weekly. Phenobarbital was incorporated into the diet to reduce the severity of the tremor and seizures that are a result of the les phenotype. In addition, the les rats were given apple slices on the floor of the cage to ensure sufficient hydration and caloric intake.
Tissue embedding and processing. Control and les animals were deeply anesthetized with isoflurane followed by intracardiac perfusion with 0.01 M PBS (pH 7.4). After buffer clearance, the perfusion was performed using weak and strong Karnovsky's fixative. For resin embedding, thoracic spinal cords were postfixed in 1% osmium tetroxide (OsO 4 ) buffered in 1% potassium ferrocyanide. After the osmium postfixation, tissue blocks were incubated for 30 min in 1% aqueous uranyl acetate to enhance autophagosome membranes (Yla-Anttila et al., 2009) followed by dehydration in a series of increasing ethanol concentrations. Propylene oxide was used as a transitional fluid mixed 1:1 with resin overnight. The following day, tissue was incubated in pure resin for a 2 h infiltration period and polymerized at 60°C overnight. Thin sections (1 m) were cut and stained with toluidine blue (1 g toluidine blue and 1 g sodium borate in 100 ml distilled H 2 O). Ultrathin sections (10 nm) for electron microscopy (EM) were cut and stained with 2% uranyl acetate followed by lead citrate. Images were captured on a Hitachi H-7000 transmission electron microscope housed at the Wisconsin Veterinary Diagnostic Laboratory.
Western blot. After PBS perfusion, thoracic spinal cord tissues were collected from les and control rats (n ϭ 3 for each time point) and immediately flash frozen in liquid nitrogen. Protein was extracted using radioimmunoprecipitation assay buffer: 20 mM Tris, 150 mM NaCl, 0.1% SDS, 1% NP40, and protease inhibitor (Complete, Roche) and quantified using the Quant-iT protein detection kit with the Qubit flourometer according to manufacturer's protocols (Invitrogen). A total of 20 g of each sample was run on a 12% acrylamide gel and blotted onto Immobilon-P membranes (Millipore) using the Mini-PROTEAN electrophoresis system (Bio-Rad). After immunoblotting, membranes were blocked for 1 h in 5% BSA in 20 mM Tris-HCl buffer (150 mM HCl and 0.05% Tween 20, pH 7.6). Membranes were incubated with the following antibodies overnight: rabbit anti-LC3B (1:1000; Cell Signaling Technology) or rabbit anti-p62 (1:10,000, Enzo Life Sciences). The membranes were reprobed with mouse anti-␤-actin (1:20,000; Sigma) to ensure loading consistency. The integrated density of each band was measured using ImageJ software. Integrated densities were normalized to ␤-actin, and these values are expressed as relative integrated densities averaged for three animals per time point.
Immunohistochemistry. Control and les animals (n ϭ 3 for each time point) were perfused with PBS followed by 4% PFA. The spinal cords were dissected and postfixed overnight in 4% PFA. The tissue was cryoprotected in 15% sucrose, and 20 m sections were cut on a cryostat for free-floating immunohistochemistry. The free-floating sections were washed in 0.01 M PBS plus 0.01% Tween and incubated overnight in the following primary antibodies: LC3B (1:500; Cell Signaling Technology), p62 (1:10,000; Enzo Life Sciences), proteolipid protein (PLP, 1:100,000; a gift from the laboratory of Dr. Ian Griffiths, University of Glasgow, Glasgow), glutathione-S transferase (GST-, 1:30,000; Molecular Biology Laboratories), or anti-activated caspase-3 (1:1000; Millipore Bioscience Research Reagents). Double labeling was performed by incubating each antibody separately overnight in 0.01 M PBS plus 0.01% Tween. The following day, sections were washed and incubated in a mixture of appropriate secondary antibodies. After overnight incubation in GST-, tissue sections were slide-mounted and TUNEL was performed according to the manufacturer's instructions (Promega). A secondary antibody mixture against both GST-(anti-rabbit AlexaFluor-564, Invitrogen) and TUNEL (anti-strepavidin AlexaFluor-488) was used to visualize expression. Images were taken on a fluorescent microscope (Nikon E8000). Total cell counts were performed on five thoracic spinal cord tissues per animal (n ϭ 3 for control and les) based on staining threshold and size using ImageJ software. O4 ϩ magnetic cell sort. Control and les spinal cords were dissected from 3-week-old animals (n ϭ 3 for control and les animals) in chilled buffer. Each spinal cord was washed in PBS and incubated with activated papain (Worthington) for 10 min. Spinal cords were then dissociated in a succession of smaller bore fire-polished Pasteur pipettes. O4 (1:100) antibody (produced by mouse hybridoma cells in our laboratory) was used as a marker for mature oligodendrocytes and incubated with the dissociated tissue for 30 min on ice with agitation. After incubation with the primary antibody, rat anti-mouse IgM beads (Miltenyi Biotec) were added to the dissociated cells for 20 min on ice. Cells were each run through an LS separating column (Miltenyi Biotec) on a high magnetic field stand to collect cells for immunolabeling. Columns were removed from the stand, and the O4 ϩ -positive cells were collected in separate tubes. Immunolabeling was performed on a sample of plated cells to determine the efficacy of the sort. Protein was extracted from the samples with RIPA buffer and blotted as described above.
BrdU labeling. Control and les animals were injected intraperitoneally at 14 d with 50 mg/kg BrdU (Sigma) dissolved in sterile PBS. BrdU injections were given every 8 h for a total of 6 injections over 2 d (14 -15 d) to label a sufficient number of cells. At 17 d, half of the rats (n ϭ 3 for control and les) were perfused with 4% PFA and processed for double immunohistochemistry. The remaining rats (n ϭ 3 for control and les) were raised until 3 months when they were perfused with 4% PFA. Double immunohistochemistry was performed with a mouse anti-rat BrdU antibody (1:1000; Novus Biologicals) and GST-(1:30,000) as described above. Before incubation in the primary antibodies, the tissue sections were incubated for 30 min in HCl to unmask the antigen signal for BrdU. The quantification of BrdU and GST--positive cells was performed using ImageJ software. The proportion of BrdU-positive oligodendrocytes was quantified for each animal (n ϭ 3 control and les for each time point) in the white matter of thoracic spinal cord and averaged across time points.
Oligodendrocyte cultures. Oligospheres were generated as previously described (Avellana-Adalid et al., 1996; Zhang et al., 1998; Larsen et al., 2008) from les and control littermates. Striata were dissected from neonatal rats (p4-p6) and centrifuged in ice-cold HBSS (Invitrogen). Cells were then resuspended in oligosphere media (70% Neurosphere media, 30% B104 conditioned medium) (Larsen et al., 2008) and mechanically dissociated with a series of fire-polished Pasteur pipettes. Cells were divided equally among sterile 25 cm 2 flasks and placed in a humidified 37°C, 5% CO 2 incubator. After maintaining cells for ϳ4 weeks to generate cultures that are primarily oligodendrocytes, oligospheres were dissociated and plated onto poly-L-ornithine-coated coverslips in glial differentiation media (GDM) (10 ml DMEM/F12, 500 l N1, 100 l 10 g/ml biotin, 300 l 20 g/ml T3, 500 l FBS, 50 l insulin, 88.55 ml sterile H 2 O). Autophagy was induced with serum and glucose starvation by incubating cells for 48 h in Earle's Balanced Salt Solution (EBSS) (Invitrogen) with the addition of the above concentrations of N1, biotin, T3, and insulin. Mature oligodendrocytes were labeled for surface marker O1 (antibody produced by mouse hybridoma cells in our laboratory). To block autophagosome breakdown, chloroquine (CQ), was added to culture media at 30 g/ml (Mizushima et al., 2010) . Western blots were performed on protein isolated from les and control oligodendrocyte cultures with RIPA buffer and blotted using the same method as described above. Experiments were repeated in triplicates to ensure the accuracy of results. The results are reported as the average with SE across three separate experiments. (D, inset) . However, most of this myelin is lost by 4 weeks (E), and at later ages myelin is rare in the spinal cord of les rats (F ). During myelin development and loss, les oligodendrocytes develop accumulations within their cytoplasm (D,E, arrowhead). At older time points, these cells continue to appear very abnormal (F, arrow). Whole spinal cord images were taken with a 4ϫ objective. The magnified inset at 2 weeks was taken with a 60ϫ objective. Scale bars, 1 mm. Electron micrographs of les oligodendrocytes through myelin development and loss (G-I ). At 2 and 4 weeks, les oligodendrocytes are filled with abnormal inclusions, including vesicles, lysosomes, and membrane-bound organelles (G,H, enlarged image). At 6 months, les oligodendrocytes have fewer abnormal inclusions, lack normal Golgi and ER, and have a watery appearance to their cytoplasm (I, enlarged image). Images were taken at 2500ϫ and 5000ϫ. Scale bars: 2500ϫ, 2 m; 5000ϫ, 500 nm.
Intermittent fasting. At 4 weeks of age, control and les rats were randomly divided into four groups based on diet: control AL, control IF, les AL, or les IF. Control and les rats in the AL group were given ad libitum access to food. Rats in the IF group were given food every other day (at ϳ8:00 AM everyday, food was given or taken away) as previously described (Madorsky et al., 2009) . IF or AL was continued for 2 months until the rats reached 3 months of age. At this point, animals were killed and tissue was collected for each assay as described above.
Statistical analysis and image processing. For each time point, n Ն 3 for control and mutant rats were collected. Two-tailed Student's t tests were performed on data comparing control and affected animals at the same time point unless otherwise stated. p values Ͻ0.05 were deemed significant. All statistical analysis was performed with Excel or Prism software. All images were processed in Photoshop software. The image levels were adjusted to enhance clarity, the images were cropped for figures, and the focus was unmasked to sharpen each image.
Results

Myelin loss coincides with abnormal oligodendrocyte morphology
During peak myelin development at 2 weeks, les rats developed thin, uncompact myelin sheaths. However, most of this myelin was lost by 4 weeks, and by 3 months myelin sheaths were rare in the spinal cord of les rats (Fig. 1) . During this membrane development and loss between 2 and 4 weeks, there was an abundance of oligodendrocytes in les spinal cord that were filled with abnormal inclusions (Fig.  1 D, E, arrowheads) . The cytoplasm of les oligodendrocytes became progressively filled with vesicles, lysosomes, and membrane-bound organelles (Fig.  1G,H, enlarged image) . Between 3 and 9 months, the majority of les oligodendrocytes still appeared abnormal (Fig. 1F, arrows) . Although the density of inclusions decreased, les oligodendrocytes had a watery appearance to their cytoplasm and lacked normal ER and Golgi (Fig. 1I , enlarged image).
There is an increase of autophagy in les oligodendrocytes
The timing of the organelle accumulation in les oligodendrocytes coincided with myelin development and loss and may provide insight into a unique cellular mechanism involved in the function of oligodendrocytes. Because of the accumulation of membrane-bound organelles and lysosomes, we investigated whether les oligodendrocytes were undergoing elevated levels of autophagy. During the induction of the autophagic pathway, inclusion membranes are formed and begin to sequester cytoplasmic material. These membranes elongate and enclose to form double-membraned vesicles termed autophagosomes. Once mature, autophagosomes fuse with lysosomes for degradation as autophagolysosomes. To accurately identify each step of the autophagic pathway, we used EM to identify the inclusions in les rats at 2 weeks. Inclusion membranes, autophagosomes, and autophagolysosomes were identified within the cytoplasm of les oligodendrocytes at 2 weeks ( Fig. 2A-D) . In addition, organelles, including mitochondria, were identified being degraded within lysosomes (Fig. 2D) . As autophagy is the only pathway in which organelles are broken down, these findings strongly suggest that autophagy is upregulated within les oligodendrocytes.
To further elucidate the timing of the upregulation of autophagy, a marker for autophagosomes, microtubule-associated protein light chain-3 (LC3) was analyzed by Western blot and immunohistochemistry. During the induction of autophagy, cytoplasmic LC3-I is lipidated and incorporated into the autophagosome membrane as LC3-II (Kabeya et al., 2000; He et al., 2003; Tanida et al., 2004; Wu et al., 2006) . Western blot analysis of les and control spinal cord homogenates showed that les samples have a significant increase in LC3-II from 2 weeks until 6 weeks ( p Ͻ 0.05), which coincided with the timing of autophagosome formation within oligodendrocytes (Fig. 3 A, B) . To determine whether the increase in LC3-II expression reflected autophagosome formation within les oligodendrocytes, immunohistochemistry for LC3 and PLP was performed. PLP was used as it is the most abundant component of CNS myelin and is expressed within the cytoplasm of les oligodendrocytes. Between 2 and 4 weeks, les oligodendrocytes contained numerous LC3-positive punctate bodies characteristic of autophagosomes (Fig.  3Cd-f, enlarged merge) . However, in control oligodendrocytes, LC3 was expressed diffusely throughout the cytoplasm (Fig.  3Ca-c) and did not appear to be incorporated into autophagosomes (Fig. 3, enlarged merge) . It was hypothesized that autophagy is upregulated in les to degrade proteins, lipids, and damaged organelles that likely accumulate as a result of the formation and breakdown of unstable myelin. Therefore, an antibody against sequestosome 1 (p62) was used to detect ubiquitinated aggregates targeted for degradation by autophagy In control spinal cord, p62 expression is lowly throughout the white matter from 2 weeks until 6 months (A-C). However, p62 is expressed highly in les oligodendrocytes (D-F ). Higher-magnification images show that p62 is aggregated within PLP-expressing les oligodendrocytes between 2 and 4 weeks (D,E, insets); and by 6 months, p62 and PLP are not expressed highly within les oligodendrocytes (F, inset). Images of the whole dorsal column were taken with a 20ϫ objective, and the magnified insets were taken with a 60ϫ objective. Representative images of Western blot membranes from an O4ϩ magnetic cell sort in control and les spinal cord tissue illustrates that p62 and LC3 are expressed higher in les oligodendrocytes (G). Quantification of Western blots demonstrated that LC3-I is significantly decreased in les oligodendrocytes, whereas there is a subsequent increase in LC3-II and p62. *p Ͻ 0.05, les versus control (Student's t test). n ϭ 3 les and control. highly in the white matter of les between 2 and 4 weeks ( Fig.  4A -C) compared with little expression in control white matter (Fig. 4D-F ) . In addition, p62 was found to localize within PLPpositive aggregates in les between 2 and 4 weeks (Fig. 4 A, B , magnified inset). However, by 6 months when myelin development had ceased, PLP is not expressed as highly within les oligodendrocytes, and there were few p62-positive aggregates within les oligodendrocytes (Fig. 4F ) .
To determine whether LC3 and p62 were upregulated specifically within les oligodendrocytes, a cell sort for O4 ϩ oligodendrocytes was performed with les and control spinal cords. Protein extracted from les and control O4 ϩ oligodendrocytes showed a significant increase in LC3-II and p62 (Fig. 4G) . Moreover, LC3-I expression was significantly reduced in oligodendrocytes within les spinal cord, which indicated that a large proportion of LC3-I may be converted to its lipidated form as LC3-II within the autophagosome membrane (Fig. 4G) .
Autophagy does not correlate with oligodendrocyte death
Myelin development and loss correlated with the upregulation of autophagy in les oligodendrocytes. Although there is an increase in les oligodendrocytes beginning at 3 weeks (Smith et al., 2013) , the loss of myelin between 4 and 8 weeks may result from an increase in oligodendrocyte death that could be concealed by the increase in total oligodendrocyte number. Therefore, we exam- .) with a 4ϫ objective, and magnified insets were taken with a 20ϫ objective. Scale bars, 1 mm. Quantification of the total number of TUNEL-positive cells confirmed that there is no increase in oligodendrocyte death in les (white bars) compared with controls (black bars) from 2 weeks until 9 months (B). Quantification of activated caspase-3-positive cells showed that there was no significant difference in the total number of activated caspase-3-positive cells between les (white bars) and control (black bars) spinal cord sections between 2 weeks until 9 months (C). However, there was a significant increase in the number of activated caspase-3-positive cells in the spinal cord of the md rat (gray bars) from 2 to 3 weeks. *p Ͻ 0.05, md or les compared with control at the same time point (Student's t test). Representative images of BrdU (green) and GST-(red) double immunolabeling after BrdU injections at 14 d. At 17 d, 72 Ϯ 3% of GST--positive oligodendrocytes in les also expressed BrdU, showing that oligodendrocytes were successfully labeled early in development (Da-c). At 3 months, 68 Ϯ 2% of oligodendrocytes were still present at 3 months (Dd-f). Images are of ventral spinal cord were taken with a 20ϫ objective. Control oligodendrocytes were also successfully labeled (data not shown). Scale bars, 100 m. . Control (A-D) and les (E-H) oligodendrocyte progenitor cells were fixed at 5 DIV and labeled with O1 (red) and DAPI (blue). At 3 DIV, the media was replaced with GDM or EBSS with or without CQ. Control and les progenitor cells differentiated into mature oligodendrocytes after incubation in GDM (A,E). Control oligodendrocytes were unaffected by the addition of CQ (B); however, les oligodendrocytes exhibited degraded membrane (thin arrows) and nuclear DNA fragmentation (block arrows) followed by incubation in GDM ϩ CQ (F). Interestingly, les oligodendrocytes appeared to have more branching and cytoplasmic extensions after incubation in EBSS alone (G), while there was no obvious difference in the appearance of control oligodendrocytes (C). Both control and les oligodendrocytes exhibit signs of apoptosis after incubation in EBSS ϩ CQ (D,H). Western blots performed on protein extracted from both samples confirmed that autophagy was upregulated in les oligodendrocytes (I), as there is a significant increase in LC3-II after incubation in EBSS ϩ CQ (J). **p Ͻ 0.001, GDM versus EBSS ϩ CQ treatments (Student's t test).
ined whether the transient increase in autophagy correlated with oligodendrocyte death that could account for the myelin loss in les. To determine whether les oligodendrocytes were undergoing cell death that correlated with the timing of autophagy, TUNEL was performed with immunohistochemistry for GST-to quantify the total number of oligodendrocytes undergoing cell death from 1 week until 9 months (Fig. 5A) . Quantification of the total number of TUNEL and GST--positive cells, or oligodendrocytes undergoing cell death, in thoracic spinal cord sections demonstrated that les did not have a significant increase in TUNELpositive oligodendrocytes compared with controls from 2 weeks until 9 months (Fig. 5B) . To further validate these results, immunolabeling was performed for activated caspase-3. Double immunolabeling for activated caspase-3 and GST-was not possible because of the sensitivity of the activated caspase-3 antibody. Therefore, the myelin-deficient (md) rat was used as a positive control for oligodendrocyte death. The md rat has a point mutation in PLP that results in the death of oligodendrocytes between 2 and 3 weeks of age (Duncan et al., 1995) . It was found that there was no difference between the total number of activated caspase-3-positive cells in les compared with control spinal cord sections from 2 weeks until 9 months (Fig.   5C ). However, there was a significant increase in the number of cells expressing activated caspase-3 in the md rat between 2 and 3 weeks (Fig. 5C, gray bars) .
As an alternative to cell death, les oligodendrocytes undergoing autophagy may be engulfed via phagocytosis by activated microglia (Zhang et al., 2001) . To rule out any alternative possibilities of oligodendrocyte loss, BrdU was used to label oligodendrocyte progenitor cells to determine whether these cells survived throughout the period of upregulated autophagy and became mature oligodendrocytes in adult rats. les and control animals were injected with 50 mg/kg BrdU every 8 h beginning at 14 d of age for 2 d (six total injections). After BrdU injection, half of the animals were perfused at 17 d to verify that oligodendrocytes were successfully labeled. Double immunohistochemical labeling showed that the majority of mature oligodendrocytes (72 Ϯ 3%) were successfully labeled with BrdU at 17 d in les (Fig. 5Da-c) as well as control spinal cord sections (66 Ϯ 9%). At 3 months of age, BrdU-positive oligodendrocytes were still present within control (59 Ϯ 3%) and les spinal cords (68ϩ2%) (Fig. 5Dd-f ) , which demonstrated that les oligodendrocytes had survived through the period of upregulated autophagy. After 48 h incubation in GDM or EBSS with or without CQ, the cultures were allowed to mature in GDM until 7 DIV. Control and les oligodendrocytes were labeled with O1 (red) and DAPI (blue) (A-H), and the number of cells with myelin sheet extensions was quantified at 7 DIV as represented in the graph (I). After incubation in GDM alone, les oligodendrocytes had significantly fewer myelin sheet extensions (E) than controls (A). However, after incubation in EBSS, les oligodendrocytes produced significantly more myelin sheet extensions (G), which was not significantly different from controls (C). This increase in membrane extensions could be blocked after incubation in EBSS plus CQ, when both control (D) and les (H) oligodendrocytes began to exhibit signs of apoptosis, such as fragmented membrane (thin arrows) and degraded nuclear DNA (block arrows). *p Ͻ 0.05, control versus les in the same media (Student's t test).
# p Ͻ 0.05, les in GDM versus EBSS (Student's t test).
Autophagy promotes survival of les oligodendrocytes in vitro
To investigate the role of autophagy in les, autophagy was manipulated in control and les oligodendrocytes in vitro. Oligospheres from les and control rats were dissociated into single progenitor cells and plated for 3 DIV in GDM (Larsen et al., 2008) . At 3 DIV, the media was replaced with either GDM as a control or EBSS to induce autophagy for 48 h by glucose and serum starvation. CQ was added to the culture medium to block autophagosome breakdown by raising lysosomal pH (Mizushima et al., 2010) . Both control and les oligodendrocyte progenitors survived and differentiated into mature, O1
ϩ -expressing oligodendrocytes when the media was replaced with fresh GDM (Fig. 6 A, B) . However, neither control nor les oligodendrocytes survived when autophagosome breakdown was blocked with CQ during incubation in EBSS. These cells exhibited signs of apoptosis with degenerated O1 ϩ cytoplasm around fragmented DAPI ϩ nuclear DNA (Fig. 6 D, H, arrows) . Moreover, les oligodendrocytes exhibited similar characteristics of apoptosis when the media was replaced with GDM ϩ CQ (Fig. 6F, arrows) , whereas control oligodendrocytes appeared unaffected by the addition of CQ (Fig. 6B) . Interestingly, les oligodendrocytes that were incubated for 48 h in EBSS had an increase in cytoplasmic branching (Fig.   6G, inset) . Western blots were performed on protein extracted from control and les oligodendrocytes at 5 DIV to confirm that autophagy was upregulated by incubation in EBSS and that autophagosome breakdown was sufficiently blocked by CQ (Fig.  6I ) . These results suggested that an upregulation of autophagy may aid in oligodendrocyte survival in les, as blocking the breakdown of autophagosomes with the addition of CQ resulted in the death of les oligodendrocytes in vitro.
Upregulating autophagy promotes membrane synthesis
To test whether upregulating autophagy may also enhance myelin sheath formation in les oligodendrocytes, control and les oligodendrocytes were returned to fresh GDM after the initial 48 h incubation period. After allowing these cells to mature up to 1 week, the number of oligodendrocytes that produced membrane extensions was quantified for each media treatment. At 7 DIV, control oligodendrocytes incubated in GDM had significantly more membrane extensions than les (Fig. 7 A, E) . However, after EBSS incubation, les oligodendrocytes (Fig. 7G) produced a significantly greater number of membrane extensions that was similar to control oligodendrocytes (Fig. 7C) . However, the increase in membrane extensions after the EBSS incubation could be blocked with the addition of CQ (Fig. 7H ) . Together, these results suggest that autophagy may be a mechanism for promoting membrane development in les oligodendrocytes in vtiro.
Intermittent fasting upregulates autophagy and promotes myelin production
In vitro experiments illustrated that upregulating autophagy promoted membrane synthesis in les oligodendrocytes. Therefore, we used a previously established protocol of intermittent fasting (Madorsky et al., 2009 ) to upregulate autophagy in control and les rats in vivo. Upon weaning at 4 weeks, control and les animals were given food every other day for IF or had AL access to food. To determine whether autophagy was successfully upregulated during IF, Western blots were performed on les and control spinal cord protein extracts to measure LC3 and p62 expression 2 weeks after IF or AL diets had begun. After IF, there was an increase in LC3-I and LC3-II in les and control rats (Fig. 8A ) and a subsequent decrease in p62 expression in les spinal cord (Fig.  8A) . Immunohistochemistry for p62 was performed to visualize protein expression in spinal cord tissue. In the les IF group, p62 expression was reduced in PLP-expressing oligodendrocytes compared with les AL sections (Fig. 8B) . Consequently, these data suggest that IF upregulates autophagy, which may aid in the breakdown of aggregates within les oligodendrocytes.
After IF or AL treatments for 2 months, the spinal cords of control and les rats were processed to determine whether an upregulation of autophagy had an effect on myelin development. Toluidine blue-stained 1 m sections showed that myelin sheath thickness and the number of myelinated axons appeared to increase in control spinal cord after 2 months IF (Fig. 9B ) compared with control rats on the AL diet (Fig.  9A ). In addition, les spinal cords appeared to have an increase in the thickness of the membrane that surrounded axons after 2 months IF (Fig. 9D ) compared with les on the AL diet (Fig. 9C) . EM was used to quantify the total number of myelinated axons and the average myelin thickness in relation to axon diameter (g-ratio). There was a significant increase in the proportion of myelinated axons as well as a decrease in the g-ratio of myelinated axons in control rats after 2 months of IF (Fig. 9B , EM inset) compared with AL (Fig. 9A, EM inset; table) . In addition, there was a significant increase in oligodendrocyte membrane wrappings in les spinal cords that engulf axons after IF (Fig. 9D , EM inset) compared with AL (Fig. 9C , EM inset) (Fig.  9, table) . Together, these results suggest that IF can increase myelin development in the spinal cords of les and control rats.
Discussion
Here, we show, using EM, Western blot, and immunohistochemistry, that autophagy is upregulated in les oligodendrocytes. In addition, p62-positive aggregates are expressed within les oligodendrocytes. An upregulation of autophagy is likely a mechanism for survival during myelin development and loss as les oligodendrocytes survive despite this cellular pathology. In addition, upregulating autophagy both in vitro in les oligodendrocytes and in les and control rats in vivo through IF increased myelin production. Therefore, we have described the timing and induction of autophagy in les and identified a unique cellular mechanism that promotes the survival and function of oligodendrocytes.
Role of MBP in oligodendrocyte autophagy
Similar accumulations have been reported in the shiverer (shi) mouse and its allele shi mld (Matthieu et al., 1984) , which has a large deletion in the MBP gene (Readhead and Hood, 1990) . Although autophagy in shi oligodendrocytes has not been previously documented, between 4 and 10 weeks shi oligodendrocytes contain accumulations that resemble lysosomes and vacuolar inclusions (Rosenbluth, 1980; Inoue et al., 1983) . Thus, it may be predicted that a mutation in MBP plays a role in the induction of oligodendrocyte autophagy. MBP is not only essential for the compaction of CNS myelin (Roach et al., A quantification of the total proportion of myelinated axons as well as an average g-ratio of myelinated axons from EM images in the table below illustrates that both control and les rats had significantly more myelinated axons and a significantly decreased average g-ratio after IF compared with AL diet. p Ͻ 0.05 (Student's t test). n ϭ 4 for each group.
1985; Readhead et al., 1987) but also aids in lipid clustering (Fitzner et al., 2006) and has the capability to bind to myelin and nonmyelin proteins (Harauz et al., 2004) . Hence, a mutation in the gene that encodes MBP may perturb the proper transport and clustering of myelin membrane within oligodendrocytes (Harauz et al., 2004; Fitzner et al., 2006; Simons and Trotter, 2007) . In addition, the formation of unstable MBP-negative myelin and the subsequent loss of this myelin in both mutants may result in the accumulation of myelin components, including membrane proteins, secretary proteins, and lipids within oligodendrocytes (Fig.  10B ). These components are prone to aggregate, which can lead to a further disruption in cellular trafficking that impedes the formation of new and the maintenance of current myelin. Therefore, mutations in MBP may not directly act to induce autophagy, but it is likely that a mutation in MBP is involved indirectly through its role in myelin protein trafficking.
Autophagy promotes survival in les oligodendrocytes
Autophagy plays a complex role in the health and survival of cells. During cellular stress, including nutrient starvation, hypoxia, and endoplasmic reticulum stress, autophagy is upregulated to aid in cell survival (Klionsky and Emr, 2000; Cuervo, 2004; Ogata et al., 2006) . However, autophagy can also play a role in cell death by directly interacting with the apoptosis pathway (Martin and Baehrecke, 2004) or through the degradation of vital cellular components (Maiuri et al., 2007) . Here, we determined, through the TUNEL assay along with activated caspase-3 immunolabeling, that there was no increase in cell death in les spinal cord that correlated with the upregulation of autophagy. Furthermore, BrdU labeling confirmed that the majority of les oligodendrocytes survived through the period of enhanced autophagy. Instead of preceding or inducing cell death, autophagy may act to help les oligodendrocytes survive after myelin development and loss. As previously mentioned, the formation and subsequent loss of unstable myelin may result in the accumulation of myelin components within oligodendrocytes. Moreover, perturbed protein trafficking resulting from a lack of MBP may further disturb protein and lipid transport. Hence, autophagy is likely upregulated to aid in the breakdown of these accumulations. Blocking autophagic breakdown in vitro using CQ resulted in les oligodendrocytes undergoing cell death. Therefore, these data suggest that autophagy is upregulated to aid in the survival of oligodendrocytes in les.
Autophagy promotes myelin development
Upregulating autophagy using EBSS media improved membrane synthesis in les oligodendrocytes in vitro. Autophagy has also been shown to promote membrane expansion in Schwann cells (Rangaraju and Notterpek, 2011) as well as myelination in explant cultures of dorsal root ganglion that could be blocked by knockdown of ATG12 (Rangaraju et al., 2010 ). An IF diet in les rats also resulted in an increase in membrane extensions in les spinal cords in vivo. Moreover, IF also increased the number of myelinated axons and myelin sheath thickness in control rats, which is consistent with previous studies in the peripheral nervous system (Madorsky et al., 2009; Rangaraju and Notterpek, 2011) . Upregulating autophagy in oligodendrocytes using starvation protocols may be advantageous in multiple aspects. First, dietary restriction, including IF, has been shown to upregulate cellular stress response pathways, including autophagy Madorsky et al., 2009) , which can protect against disease and aging (Martin et al., 2006; Sharma and Kaur, 2007) . In addition to upregulating autophagy, IF can reduce cellular oxidative stress and enhance protein chaperones (Martin et al., 2006; Madorsky et al., 2009) . Furthermore, during IF, protein synthesis is likely halted or slowed, which can help restore protein homeostasis within les oligodendrocytes. Here, we illustrated that, after IF, there were also fewer p62-positive cytoplasmic aggregates within les oligodendrocytes. Although it was not tested whether autophagy was necessary for the beneficial effects of IF, based on our in vitro findings, we predict that block- Figure 10 . Schematic representation of the role of autophagy in les oligodendrocytes. In control oligodendrocytes, at 2 weeks during peak myelination, membrane proteins, secretory proteins, and myelin proteins are synthesized on ER-bound ribosomes, whereas lipids are produced in the ER lumen (A). These proteins and lipids are processed through the Golgi and transported to the membrane to form the myelin sheath. les oligodendrocytes produce uncompact myelin at 2 weeks. However, this unstable myelin breaks down and may result in the accumulation of myelin components within oligodendrocytes (B). Proteins and lipids that are newly synthesized can begin to accumulate within the ER. These proteins can be transported to the cytoplasm and ubiquitinated for breakdown. In the cytoplasm, these components are prone to aggregate and autophagy can be upregulated to degrade these p62-positive accumulations. During IF, autophagosome turnover, or autophagic flux, is upregulated, which aids in the breakdown of p62-positive aggregates and restoration of protein homeostasis (C). Therefore, les oligodendrocytes are able to continue protein and lipid synthesis required to maintain and develop new membrane to form uncompact myelin sheaths.
